Abstract We investigate the geographic patterns of drug poisoning deaths involving heroin by county for the USA from 2000 to 2014. The county-level patterns of mortality are examined with respect to age-adjusted rates of death for different classes of urbanization and racial and ethnic groups, while rates based on raw counts of drug poisoning deaths involving heroin are estimated for different age groups and by gender. To account for possible underestimations in these rates due to small areas or small numbers, spatial empirical Baye's estimation techniques have been used to smooth the rates of death and alleviate underestimation when analyzing spatial patterns for these different groups. The geographic pattern of poisoning deaths involving heroin has shifted from the west coast of the USA in the year 2000 to New England, the MidAtlantic region, and the Great Lakes and central Ohio Valley by 2014. The evolution over space and time of clusters of drug poisoning deaths involving heroin is confirmed through the SaTScan analysis. For this period, White males were found to be the most impacted population group overall; however, Blacks and Hispanics are highly impacted in counties where significant populations of these two groups reside. Our results show that while 35-54-year-olds were the most highly impacted age group by county from 2000 to 2010, by 2014, the trend had changed with an increasing number of counties experiencing higher death rates for individuals 25-34 years. The percentage of counties across the USA classified as large metro with deaths involving heroin is estimated to have decreased from approximately 73% in 2010 to just fewer than 56% in 2014, with a shift to small metro and non-metro counties. Understanding the geographic variations in impact on different population groups in the USA has become particularly necessary in light of the extreme increase in the use and misuse of street drugs including heroin and the subsequent rise in opioid-related deaths in the USA.
Introduction
According to the US National Center for Health Statistics at the Centers for Disease Control and Prevention, 1 329% for drug poisoning deaths involving natural opioid analgesics (such as oxycodone, hydrocodone), methadone, morphine, and other synthetic opioid analgesics, such as fentanyl. It is also reported that during this period, heroin initiation rose from 108,000 in the USA in 2005 to 178,000 in 2011 and to 435,000 in 2014 [1, 2] . Drug poisoning deaths involving heroin increased 474% from 2000 (1842 reported deaths) to 2014 (10,574 reported deaths). The recent spike in the number of overdose deaths involving the misuse of opioid analgesics has been reported widely and linked to the expanded use of prescription opioids [3, 4] , and the pattern of shifting from prescription opioid use to heroin use has been a topic of investigation as researchers are seeking to understand the reasons underlying this shift. In one study, an increase in heroin overdoses was found to be linked to therapeutic errors (e.g., incorrect doses or the administration of an incorrect substance) that resulted in exposure to oxycodone [5] . And additional reporting found that increases in non-medical uses of pharmaceutical opioids (e.g., oxycodone) were occurring even as pharmaceutical companies were making formulations of some drugs that were more difficult to inject, where opioid users were resorting to different formulations that included intravenous use [6] . The increasing trend of non-medical uses, misuses, and fatal poisonings involving prescription opioids has led to an over 300% increase in mortality in the USA from 2000 to 2014. 2 Prior research has used, for example, Multiple Cause of Death data from National Vital Statistics reporting to track trends in drug poisoning deaths in the USA; however, it is understood that localities may differ widely on the percentage of deaths reported [7, 8] . Keeping this potential reporting limitation in mind, this research differs from prior research by tracking deaths involving heroin at the county level. In this study, we use Centers for Disease Control and Prevention-Wide-ranging Online Data for Epidemiologic Research (CDC WON-DER) Multiple Cause of Death data to investigate the geographic patterns of drug poisoning deaths involving heroin by county for the USA from 2000 to 2014. The patterns are examined with respect to a set of key factors including urbanization, race and ethnicity, age, and gender in order to understand the impact from the rise in heroin use and related deaths on different population groups at county level. As part of this research, we investigate the geospatial patterns of overdose deaths involving heroin and the location and extent to which clusters of overdose deaths are identified. Through this study, we show the burden of heroin overdose deaths on US counties as well as on different population groups at key intervals during this 15-year period. This geographic-based research provides a perspective on how the rate of deaths varies over space and time and gives insights that can be useful for interventions and improved planning in relation to heroin misuse in the USA and to alleviate the burden of mortality in certain counties and states.
Background
A rise in overdoses involving heroin has been noted globally. A survey conducted in Australia between 2012 and 2013 among heroin users from either methadone maintenance treatments, drug-free residential rehabilitation, or detoxification programs noted that 67.5% of participants with heroin initiation had overdose records [9] . A growing risk from overdoses involving heroin was also found in a recent UK study by Strang [10] that reported life-threatening overdoses were experienced by half of heroin or opiate misusers in Scotland and England during 1993 and 2008. In Columbia, a 2010 study found a mean rate of 3.2 times of injections per day among heroin injectors, with this high rate of injection putting these users at greater risk of HIV infections [11] .
Research on heroin use includes evidence that in certain locations, there has been an increase in heroin use by younger persons in recent years, where younger drug users have been more likely to use syringes multiple times for heroin injection [12] . In Seattle's metropolitan area, for example, heroin has been a primary cause of death among younger individuals (age under 26) as a result of opioid overdoses and prescription opioid misuse [13, 14] . In a study investigating heroin use in North Carolina between 2007 and 2013, researchers found that overdose deaths have shifted from opioid analgesics to heroin, and researchers found that there was a decrease in the average age of deceased individuals from 38.7 years in 2007 to 35.5 years in 2013 [15] .
Studies have also examined the impact of drug poisoning deaths on racial and ethnic groups. Research based on a nationwide survey during 2002 to 2011 shows non-Hispanic Whites were at high risk of heroin use during this period and there was an increasing trend among Hispanics in mid 2000s [16] . A more recent study in San Francisco reported that the opioid overdose mortality between 2010 and 2012 mostly occurred among middle-aged non-Hispanic White males (and over 9% of these deaths involved heroin) [17] .
The distribution of drug poisoning deaths between urban and rural locations has also been a topic of study. Research has revealed that overdoses involving opioid use have severely impacted adults living in urban places compared to rural adults due to a higher usage of substances including prescription drugs [18, 19] . A case study in urban San Francisco found a consistently high injection frequency by heroin users since the late 2000s [20] . However, a rapid increase in prescription opioid use and drug poisoning deaths involving heroin among residents living in rural areas in the USA has also been reported to be on the rise due to the lower costs of heroin as well as increased accessibility to this drug [21] [22] [23] . Our study will investigate urban-rural spatial patterns of drug deaths involving heroin.
Geospatial analysis methods have been applied in substance use research [7, 8, 24] . As drug poisoning deaths at a county level across the USA are not a common event, small area estimation technique (e.g., mixed effect model) has been applied by Rossen [7, 8] to alleviate unstable results. In their research, major hot spots of deaths from drug poisoning were identified in North Pacific Coast, Southwest, Gulf Coast, and Appalachia during [2007] [2008] [2009] . Spatial accessibility to substance use treatment facilities has been analyzed using buffer analysis based on a 10-min driving distance in order to investigate whether the availability of these facilities possibly plays a negative role with respect to heroin injections due to decreasing concerns about access to injections in the future [25, 26] . Research into the associations between fatal prescription opioid poisonings and socioeconomic factors in NH used spatial regression analysis with a simultaneous autoregressive spatial error model to show that fatal poisonings were more likely to occur in areas with lower median household income or greater percentages of disabled workers [27] . In our research, we apply spatial methods including spatial and spatiotemporal cluster analysis and spatial smoothing techniques to investigate the impact of drug poisoning deaths involving heroin at the county level across the USA in order to identify how the impact on different population groups has changed over space and time, and locations in the USA where this impact is highest.
Methods

Data
The annual numbers of drug poisoning deaths involving heroin for each US county for the period 2000-2014 were collected from CDC WONDER. 3 The data collected are for cases corresponding to poisoning codes representing categories for Underlying Cause of Deaths (UCD) that are classified using the International Classification of Disease, Tenth Revision (UCD-ICD-10). This category includes X40-X44 (accidental poisoning); X60-X64 (intentional poisoning); X85 (assault); Y10-Y14 (poisoning undetermined intent); and the type of drug involved indicated by the classifications under Multiple Cause of Deaths (MCD) MCD-ICD-10, for this study, T40.1 (heroin). Raw number of deaths by county and year were collected for the 48 contiguous states in the USA. In the CDC WONDER dataset, when the number of deaths in a county is lower than 10, the data are suppressed and values are not presented for use. In fact, the data (age-adjusted rates for total population and racial and ethnic groups and raw counts for the remaining groups) are suppressed for most US counties for each population category. The number of counties where data are available is summarized in Table 1 . Our study area covers the 48 contiguous states in the USA with 3109 counties.
In order to understand the impact and geographic patterns of poisoning deaths involving heroin in the USA, we also acquired the data by age, gender, racial group, and ethnicity. We categorized age groups as the following: ages 18-24, 25-34, 35-54, and 55 years and above. In the CDC WONDER database, reportable data exists for two racial groups, African American and White, and for Hispanic and non-Hispanic counts. As poisoning deaths involving heroin are relatively rare and involve small numbers, GeoDa's tools (GeoDa 1.6.7, Anselin, Luc, IL, 2015) for spatial empirical Baye's estimation have been used to smooth the rate of deaths and alleviate small area problems across the country when analyzing spatial patterns in terms of the total population and these sociodemographic variables. For this estimation, we used raw counts (for age and gender patterns) and age-adjusted drug poisoning death rates (for spatial, racial, and urbanization pattern analyses) as event data and county population as base data, and spatial weights were defined based on queen contiguity (i.e., counties that share at least one boundary are considered as neighbors). The smoothed rates were estimated for the entire study time period. The rates that are mapped, including rates for 2000, 2005, 2010, and 2014, are presented using a natural breaks classification method.
Each county was assigned an urban-rural classification that follows the scheme used by the National Center for Health Statistics. 4 In this research, we aggregated counties into four categories: large metro (population ≥1 million), medium metro (population 250,000-999,999), small metro (population <250,000), and non-metro (including micropolitan and non-core counties). 
Geostatistical Analysis
Spatial Autocorrelation
To investigate the geographic pattern of drug poisoning deaths involving heroin in the USA, a global Moran's I test [28] was performed using ArcGIS 10.3 (ESRI, Redlands, CA, 2014) to examine whether there is a possibility that the spatial pattern of poisoning deaths is clustered. This test was applied on the spatial empirical Baye's estimated rates of deaths involving heroin in the USA for 2000 to 2014. In addition, to better explore the spatial pattern of deaths involving heroin among neighboring counties, Local Indicators of Spatial Association (LISA statistic) [29] was performed to measure the local spatial autocorrelation and clustering tendency of these deaths. From this analysis, counties with higher rates of drug deaths involving heroin can be identified. As a counterpart of global Moran'sI,local Moran's I index for each county was also generated using ArcGIS. This statistic indicates whether each county has a positive or negative spatial autocorrelation based on the pattern of deaths. A clustered or dispersed spatial pattern is illustrated by a positive or negative Moran's I value along with a z-score falling between −1.96 and 1.96. This test was applied to the spatial empirical Baye's estimated rates of deaths from 2000 to 2014.
Space-Time Scan Statistics
To understand how geographic patterns of clustering have emerged and evolved between 2000 and 2014, a scan statistic was applied using the SaTScan software (SaTScan 9.4, Kulldorff, Martin, 2015). For this evaluation, the SaTScan analysis was undertaken for raw counts of deaths based on a Poisson probability model, scanning for areas with high numbers of deaths involving heroin and using a null hypothesis that the expected number of drug poisoning deaths involving heroin in each county is proportional to the population size of the county [30] . This analysis is performed using a likelihood ratio test, and the function is equal to the following:
where C denotes the total number of deaths, c is the observed number of deaths within the scanning window, and E[c] refers to the covariate adjusted expected number of deaths within the test window. I() is an indicator function equal to 1 since this test is set to scan only for clusters with high numbers of deaths, i.e., more deaths within the window than expected [31] . The maximum size of the scanning window is defined as 5% of the population at risk since deaths involving heroin typically comprise a low percentage of the causes of deaths in a population (e.g., about 0.3% of the population died from heroin poisoning in 2014). 5 However, this size of window could hide small clusters of deaths. In order to detect stable counties within core clusters, we applied a sensitivity analysis [32, 33] and investigated a range of 4 http://www.cdc.gov/nchs/data_access/urban_rural.htm. 5 http://www.cdc.gov/drugoverdose/data/overdose.html. eight maximum-sized scanning windows: 0.2% of population at risk, 0.4, 0.6, 0.8, 1, 2, 4, and 5%. The maximum temporal cluster size is always defined as 1 year since the datasets we are working with are annual counts of drug poisoning deaths involving heroin. The criteria for reporting hierarchical clusters are that no cluster centers are in less likely clusters, which indicates there could be clusters that overlap each other. In this sensitivity analysis, we defined a core cluster as a cluster that has a low percentage of counties with a low relative risk. In this test, the relative risk index in each county indicates how much more common poisoning deaths involving heroin are in a county compared to other counties, following the equation below:
where RR >1 reveals a high risk of death. In this sensitivity analysis, low risk refers to counties where RR <1. Based on the results, a threshold of 33% is used to represent what is considered a low percentage of counties with low risk. To qualify as a statistically significant cluster, p values of each core cluster have to be lower than 0.01, where the significance of these clusters was determined by the Monte Carlo simulation with 999 random replications. To detect the stability of a county belonging to a core cluster, we applied the reliability index computation as follows [32] :
where R i denotes the stability value for county i, S is the total number of scans (in this case, eight scans), and C i refers to the number of deaths when county i falls in a core cluster. Since there is the possibility that clusters overlap, this reliability index could be larger than 1. The reliability index reveals stable core clusters but also reveals possible heterogeneous patterns within core clusters.
Results
Spatial and Temporal Pattern of Drug Poisoning Deaths Involving Heroin
In terms of raw counts of deaths involving heroin, a total of 37,088 deaths are reported for the period 2000 and In 2000, Kern County, CA, appeared to have the highest spatially smoothed age-adjusted rate for Whites (rate of 1.1 per 100,000). The high rates shifted to counties around Bernalillo County, NM, and into the Great Lakes region (e.g., northern Pennsylvania and eastern MI) in 2005. In 2010, four counties in OH and MO had spatially smoothed age-adjusted death rates for Whites that exceeded 60 per 100,000. By 2014, the upward trend increased even more sharply for Whites, with most of these deaths occurring in counties in the northeast, Mid-Atlantic, and Great Lakes regions of the USA (a total of 488 counties) (Fig. 2) . Together, these 488 counties represent approximately 15% of the total US White population. The highest spatially smoothed age-adjusted rate of 92.3 per 100,000 in 2014 was found in Marion County, OH, followed by a rate of 46.3 per 100,000 in Cabell County, WV (Fig. 2) .
In 2000, the spatially smoothed age-adjusted rate was as high as 3.9 per 100,000 for Blacks in Essex County, NJ, with no spatially smoothed White age-adjusted death rates being estimated for this county. In 2005, Macomb County, MI (north of Detroit), had the highest spatially smoothed age-adjusted rate for Blacks, with a rate of 0.7 per 100,000, which is higher than the rate for Whites in this county. In 2010, due to small numbers and corresponding data suppression in CDC WON-DER, no spatially smoothed age-adjusted rates were estimated for Blacks for any counties. Eight counties in the USA did have deaths including the Wayne County, MI, with a raw count of 18 deaths in this year. In 2014, however, the rates had increased, and 41 counties that together represent approximately 14% of the US Black population and 7% of total deaths involving heroin had spatially smoothed age-adjusted death rates for Blacks. The highest rate of 24.9 per 100,000 occurred in St. Louis, MO (an independent city administered as a county). Twenty-five out of these 41 counties had spatially smoothed rates that exceeded the rates found for Whites, including counties in WI, MO (including the city of St. Louis, with a rate of 24.9 per 100,000), IL (the smoothed rate for Black deaths in Cook County was three times that of White deaths), MI, MD (Baltimore City and Montgomery County, MD), OH, VA, and the District of Columbia (Fig. 2) .
For Hispanics, a significant increase in percentage of spatially smoothed age-adjusted rate from 2000 to 2005 (0.8 to 15.6%) was found in three counties surrounding Los Angeles, CA, with a total rate as low as 0.3 per 100,000 in 2000, shifting to eight counties surrounding San Antonio in TX, total rate of 4.3 per 100,000 in 2005. A similar pattern existed in 2010 for Hispanics. In 2014, 45 counties in the Southwest, Great Lakes, and MidAtlantic regions that together represent approximately 24% of the US Hispanic population had smoothed ageadjusted death rates per 100,000. These counties include Bernalillo County, NM, with spatially smoothed ageadjusted death rate of 5.8 per 100,000 and Bronx, NY, with a rate of 0.7 per 100,000. Twenty-six of these counties had spatially smoothed age-adjusted death rates for Hispanics that exceeded the rates for both Black and White populations. Among these, 15 counties were in TX, six in NM (including Bernalillo County that had the highest spatially smoothed rate), and four in AZ and Miami-Dade County, FL.
Urban-Rural Patterns of Drug Poisoning Deaths Involving Heroin
We investigated whether drug poisoning deaths involving heroin have impacted urban or rural counties more frequently for the period 2000-2014 and found that approximately 82% of the raw counts of deaths (45,228 deaths) occurred in counties that are categorized as large metro (i.e., population >1 million), significantly exceeding the number of deaths in small metro counties (population 50,000-249,999) (529 deaths). The percentage of counties that are classified as large metro with a spatially smoothed death rate increased from 56.3% in (Fig. 3) . Based on the spatial empirical Baye's estimated age-adjusted rates, the mean spatially smoothed rates for deaths involving heroin are actually lower in large metro counties than small metro or nonmetro counties in each year from 2000 to 2014. While only 12 small metro counties had spatially smoothed age-adjusted death rates before 2011, in 2014, spatially smoothed age-adjusted death rates were found for 34 small metro counties (approximately 5% of total deaths involving heroin). A similar, increasing pattern was found to exist for counties classified as non-metro, representing more rural locations. In 2014, there were 92 non-metro counties with a spatially smoothed ageadjusted rate of deaths involving heroin, while before 2012, only 25 were non-metro counties (12 non-metro counties in 2000, 14 in 2005, and 17 in 2010. Note that some of these counties had rates in each of these years). In 2014, the mean spatially smoothed age-adjusted rate for non-metro locations was as high as 3.2 per 100,000 while the rate was only 0.8 per 100,000 for large metro counties. Figure 3 shows that in 2014, only one out of the four counties that fall into the highest two classes of rates (spatially smoothed age-adjusted rate >18.9 per 100,000) is classified as large metro (Campbell County, KY), while one county, Cabell County, WV, is categorized as medium metro, and two counties, Marion County, OH, and Rio Arriba County, NM, are non-metro counties (Fig. 3) .
Patterns of Drug Poisoning Deaths Involving Heroin by Age and Gender
For an analysis of the trends in deaths involving heroin by age and gender, we examined four age categories, 18-24, 25-34, 35-54, and over 55 years, and used spatial empirical Baye's estimation of the rate of deaths involving heroin poisoning per 100,000. Due to data suppression in the CDC WONDER dataset when raw counts are lower than 10, many counties had suppressed counts pertaining to either age or gender groups. We found that in 2000, 72.3% of the spatially smoothed death rates (applied to raw counts) occurred among 35-54-year-olds while 21.7% were 25-34-year-olds and were located in the Mountain region (e.g., Salt Lake City, UT) and in New England, respectively. In 2005, the percentage for 35-54-year-olds increased to approximately 78%, involving 35 counties in the Mountain, Great Lakes, New England, and Mid-Atlantic regions. While these spatially smoothed rates remain high for this age group in the following 10 years until 2014, the percentage of deaths for this group decreases to around 40% in 2010 and 37% in 2014. Meanwhile, the age groups of impacted individuals shift towards younger ages. In 2005, about 14% of spatially smoothed death rates applied to 25-34-year-olds in 10 counties near Pittsburgh, PA, and Detroit, MI. In 2010, the percentage increased sharply to 41% for this age group (108 counties mainly in the Great Lakes region), and in 2014, the 25-34-year-old group accounted for almost 45% of the spatially smoothed death rates (381 counties impacted). Of these impacted counties, 20 counties in New England, Mid-Atlantic, and the Ohio Valley region had spatially smoothed death rates over 31.5 per 100,000 (which ranks in the highest 5% of rates for this group). For the youngest age group, 18-24 years, there was also an increase in spatially smoothed rates from 6.8% and 7 counties in 2005 (around Dallas, TX) to 11.4% and 43 counties in 2010 (impacting counties near Los Angeles, Phoenix, New York City, Cleveland, Chicago, Dallas, and San Antonio) and to 12% and 163 counties in 2014 (impacting the Southwest, the Great Lakes region, Ohio Valley, and New England).
An examination of gender using spatial empirical Baye's estimation found that males were impacted more thanfemales from overdosedeaths involvingheroinduring 2000-2014, but the estimated rates of male deaths show a decrease over time. In 2000, 96.3% of the estimated poisoning deaths involving heroin occurred among males in 160 counties across the USA. In 2005, this had decreased to 94.6% but expanded to 181 counties. Before 2010, Allegheny County, PA, was the most impacted county for male deaths, with Baltimore City, MD, and Passaic County, NJ, also belonging to the category with the highest spatially smoothed male death rates. In 2010, the spatially smoothed rates for male deaths decreased to 91.3% while expanding to 277 counties, with the highest rates estimated for Clermont County, OH, and St. Louis City, MO. In 2014, male deaths decreased further to 85.3% while expanding to 674 counties. The highest spatially smoothed rate in 2014 occurred in Rio Arriba County, NM, while counties in New England, the Ohio Valley, and the Great Lakes regions were also impacted by high rates of male deaths.
In contrast, while remaining low, the spatially smoothed rate of deaths for females gradually increased from 5% in England, and Mid-Atlantic areas. In 2014, the estimated rates suggest that while females were impacted more than males in less than 1 % of counties, two counties, Sandoval County, NM, and St. Clair County, IL, had estimated death rates that exceeded the rates for males. The spatially smoothed rate for Sandoval County, NM, was estimated at 1.9 per 100,000 (exceeding the rate for males by more than 50%) and St. Clair County, IL, where the spatially smoothed rate for female deaths is estimated to be 2.5 per 100,000 (exceeding the rate for males by almost 38%).
Combining age and gender, we found in general that the spatially smoothed rate is higher for males aged 35-54 than for other age-gender groups for the study period. The highest estimated rate for this group occurred in Rio Arriba County, NM (a spatially smoothed rate of 204 per 100,000), followed by St. Louis City, MO (spatially smoothed rate of 78.2 per 100,000).In 2000, males aged 35-54 on the west coast of the USA were the most impacted group. By 2010, the highest impact had shifted to males aged 25-34 in the Midwest and Great Lakes regions where St. Louis County, MO; Monroe County, IL; and Macomb and St. Clair Counties, MI, had spatially smoothed estimated death rates over 20 per 100,000. In 2010, due to data suppression and small numbers, no counties returned spatially smooth death rates for females for any of the age categories. In 2014, a more diverse age-gender pattern was returned with a higher spatially smoothed death rate found for males aged 18-24 (highest in Monmouth County, NJ, with an estimated rate of 42.3 per 100,000) and over 55 years (highest in St. Louis City, MO). Additionally in 2014, spatially smoothed death rates suggest that females are impacted more among younger age groups including those aged 25-34 (highest in Hamilton County, OH, with a spatially smoothed rate of 24.2 per 100,000) as well as women aged 35-54 (highest in Butler County, OH, with an estimated rate of 21.4 per 100,000) (Fig. 4) .
Spatiotemporal Patterns of Drug Poisoning Deaths Involving Heroin
To learn more about the evolution and patterns of deaths involving heroin in the USA and to identify locations where concentrations of deaths may exist, spatial cluster Fig. 3 Spatial empirical Baye's estimated rate of deaths involving heroin per 100,000 by county (2014) and urbanization classification (2013) analysis was undertaken using global Moran's I and LISA statistics. Cluster analysis of summed ageadjusted death rates using spatial empirical Baye's smoothing during 2000 to 2014 shows it is unlikely that the spatial pattern is random as illustrated by a positive Moran's I of 0.364. In addition, a p value smaller than 0.001 indicates the result is statistically significant. The result of local Moran's I for the summed spatially smoothed deaths rate during the study period found 301 counties that belong to high-high clusters (i.e., counties with high spatially smoothed rates of drug poisoning deaths involving heroin that are adjacent to counties with similarly high counts) are located in New England, the Mid-Atlantic, and central Ohio Valley regions, as well as in the Mountain region and on the west coast, for example, counties around Seattle, WA. The analysis also returned low-high outliers (where low to no spatially smoothed death rates adjacent to counties with high spatially smoothed rates for these counties during this period) including Costilla County, CO, near Rio Arriba County, NM, and 33 counties in central Ohio Valley near Cincinnati and Toledo, OH, as well as Greene County, IL, near St. Louis, MO. These clusters have p values lower than 0.05, indicating a statistical significance with 95% confidence interval. There is one high-low outlier (counties with high spatially smoothed rates adjacent to counties with low counts) in Davidson County, TN, near Nashville. No statistically significant cold spots were found to exist during the study period.
Cluster analysis using spatial and temporal scan statistics (SaTScan) was performed to understand more clearly the evolution of hotspots or clusters of drug poisoning deaths involving heroin over space and time. Based on raw counts of deaths, the SaTScan statistical algorithm returns a relative risk index for each county (Fig. 5a ). This analysis revealed 13 spatiotemporal core clusters ordered by a likelihood ratio. As SaTScan has a tendency to generate clusters that are broad in spatial extent and include a large number of low-risk counties, a set of core clusters are defined as low percentage of counties with low risk (below 33% in this research) and where the likelihood ratio of a cluster is higher than 80 [32] (Fig. 5a Based on the complete dataset for 2000-2014, 15 core clusters are identified and ranked by the value of likelihood ratio. In Fig. 5a , relative risk indexes are classified using natural breaks, but with breaking value 1 to separate high-and low-risk counties. The two core clusters with the highest likelihood ratios (core clusters 1 and 2) are linked to the year 2014 for counties in New England and the Mid-Atlantic states, shown in the inset map. The first of these, core cluster 1, contains 34 counties in MA, NH, CT, RI, and NY, where approximately 70% of the counties have relative risk index over 1 (highest index value of 4.6 in Hartford County, CT). Core cluster 2 is within core cluster 1 and is comprised of 27 counties in these five states. Both these core clusters have high likelihood ratios (1310.3 and 1203.4, respectively). Core cluster 3 is located around Cincinnati, OH, and contains 14 counties, with 7 falling in the highest class (relative risk >2.91) and a likelihood ratio approaching 883. The next 8 core clusters, appear in the Mid-Atlantic and Great Lakes region, except core cluster 10 that is composed of 6 counties near Seattle, WA. The highest relative risk index appeared in St. Louis City, MO, which belongs to core cluster 7 in 2014. Nine of these 11 core clusters are all linked to data from 2014, except for core cluster 9 that occurred in 2013 and that covered three counties near Pittsburg, PA, where Allegheny County is identified with the second highest relative risk index 7.7 in the USA. Within core clusters 3 and 4, there are also three counties in each of these clusters (near Cincinnati, OH, and New York City, NY, respectively) that were found to be core clusters in 2013, shown as core clusters A and B in the inset maps in Fig. 5a . Core cluster 12 is located near Los Angeles County, CA, and is linked to data from the year 2000. Core cluster 13 is located in San Diego, CA, spatially close to Los Angeles albeit temporally distant, as this cluster emerges in 2014. Based on this analysis, it can be noted that Los Angeles County did not maintain an association with a core cluster after 2000. Core cluster 14 is located near Salt Lake City, UT, in 2013. Core cluster 15 appeared in three counties near Portland, OR, in 2011. Each of these four core clusters (core cluster 12-15) contains three counties.
A sensitivity analysis using SaTScan shows the reliability of a county belonging to one of the core clusters, where while adjusting the maximum size of risk population (based on 0.2% of the county population at risk, 0.4, 0.6, 0.8, 1, 2, 4, and 5%), the likelihood ratio remains higher than 80 through the eight sensitivity runs (Fig. 5b) . This analysis identifies which counties continue to be detected as clusters using these different percentages of population at risk and based on the numbers of drug poisoning deaths involving heroin across the USA for 2000-2014. The highest reliability index is higher than 1 and corresponds to Passaic County, NJ (reliability index 1.13). Throughout the different runs of the sensitivity analysis, it was found that this county appears in two of the identified core clusters (clusters 1 and 4). Seventeen counties in the New England and Mid-Atlantic states (6 counties in CT, 5 in NY, and 6 in NJ) have scores in the highest class of reliability (index between 0.64 and 1.13). Thirteen counties located in the first two core clusters and 5 counties in New Jersey in core cluster 4 have scores in the second highest class (index between 0.39 and 0.63). The remaining counties in this category are located in core clusters 5, 6, 7, and 8 located mainly in the Great Lakes region and Ohio Valley and cluster 14 in Utah.
The results show that while many counties in the USA have experienced an impact from drug poisoning involving heroin, few counties are part of a core cluster for multiple years until 2013, when counties in New England, the Mid-Atlantic, and Great Lakes regions form core clusters that continue through 2014.
Discussion
Analyzing the spatial and spatiotemporal pattern of drug poisoning deaths involving heroin in the USA during 2000-2014 shows the pattern of an increasing impact of overdose deaths involving heroin in the USAwith varying impacts among different population groups by urbanization, age, gender, race, and ethnicity. Research on prescription opioid misuse in 2011 and 2012 found that urban residents were more likely to misuse prescription opioids than individuals living in rural locations. In our study, we found that while higher spatially smoothed age-adjusted rates for drug poisoning deaths involving heroin were estimated for counties classified as large metro, data from more recent years shows a growing number of small metro and non-metro counties to be impacted by drug poisoning overdoses involving heroin. This finding coincides with previous research that heroin use extends to Whites living outside urban areas, where heroin may be more available and less costly and used by individuals who misuse opioids [13, 21, 22] .Our research finds that the spatially smoothed estimated rate of deaths among Whites is significantly higher than for other racial groups. However, we found that the spatially smoothed Black death rates are estimated to be high in certain urban locations (exceeding the rate of other population groups) with a corresponding high Black population (e.g., Baltimore, MD, and St Louis, MO). Previous research for 1990-2005 found that heroin overdoses particularly impacted Hispanic males in NM [34] . We also found a high rate of deaths (a total of 4.3 per 100,000 per county) for Hispanics in 2005, which corresponds to an increasing trend of heroin use among Hispanics during mid 2000s [16] . In 2014, six counties in NM were estimated to be impacted by a high age-adjusted spatially smoothed rates (a total of 26.9 per 100,000 per county) among Hispanics, higher than the spatially smoothed rates estimated for Whites and Blacks in those counties. Males aged 35-54 years are the gender-age group most impacted overall, while spatially smoothed death rates for younger age groups showed an increase since 2005. These results correspond with the findings from studies on heroin use in Seattle where it was found that younger heroin and opioid injectors were more at risk than older heroin injectors [35] and that 39% of heroin users in a study using data collected for 2010-2014 were ages 18-29 years [12] . The major causes of this upward trend of overdoses among younger users include recent increased access to prescription opioids, injection behaviors and networks, HIV-risk perceptions, and sharing of syringes [13, 14, 36] . In addition, our study revealed an increase in the estimated rate of deaths of males aged over 55 years in New England, the Ohio Valley, CA, and NM in 2014. Smoothed age-adjusted death rates for females were significantly lower than for males overall. However, in 2014, hotspots for females based on spatially smoothed estimated rates were found in NM and OH, where smoothed death rates were estimated to exceed the rates for males. Similar findings also appeared in research using data from 1990 to 2005 on overdoses involving heroin; White females in NM were found to be a highly impacted group [34] .
The spatiotemporal cluster analysis of drug poisoning deaths involving heroin using SaTScan indicates the counties that comprise core clusters in New England, Mid-Atlantic, and Great Lakes region corresponded to the two highest categories of spatially smoothed rates of deaths in 2014. The counties in these regions also correspond to the highest two categories of spatially smoothed rates of deaths among males aged 25-54 in 2014. According to our analysis, the 15 core clusters in Fig. 5 contain 62 .5% of counties that fall in the three highest classes of spatially smoothed rate of deaths for Whites and 80% of counties that fall in this same group of classes for Blacks. Approximately 65% of counties in the core clusters are categorized as large metro areas while 6.4% are small metro. Our analysis revealed a significant hotspot using both Moran's I and SaTScan in the Seattle region in 2014 that is also discussed in studies on drug use in Seattle [12, 35] . Although the risk index is high (between 2.90 and 12.38) in three counties in NM and two counties in TX, these counties do not belong to any of the core clusters mapped in Fig. 5a . These counties do show up in the results of local Moran's I test as statistically significant high-low outliers that contribute to a spatially variable impact from deaths involving heroin for these areas.
Limitations
Previous studies have pointed out that drug poisoning deaths data may be underestimated as classifying drug poisoning deaths relies heavily on the professional judgment of medical examiners and coroners and that methods and expertise may vary widely across jurisdictions and this could have a substantial impact when analyzing countylevel drug deaths data [7, 8] . This limitation should be acknowledged regarding the data on drug overdose (poisoning deaths) involving heroin used for this research as well and could mean that although we have used spatial empirical Bayes estimation techniques, our results may still be underrepresenting the possible number of deaths. Also, due to the small number of counties with reportable data (raw counts or age-adjusted rates) for certain population groups before 2010, the spatially smoothed estimates for these years may benefit from further sensitivity analysis. In addition, regarding the use of drug-specific (i.e., heroin) drug-involved poisoning deaths, there may be variability in attributing drug type to drug poisoning deaths. For example, one research study noted that 25% of drug poisoning deaths did not have drug type available [8] . Finally, since county size is so variable, the calculation of weights based on neighboring counties used in the geostatistical analyses, for example, Moran's I, may be overestimated for some counties. Some studies have examined this in more detail [8] , and alternative weighting approaches using K-nearest neighbors have been proposed.
Conclusions
The analysis of the geographic distribution and spatiotemporal clustering of drug poisoning deaths involving heroin in the USA during 2000-2014 provides a comprehensive view of the variations in the patterns of mortality rate from these overdoses involving heroin based on race and ethnicity, urbanization, age, and gender. Our research reveals significant clusters of deaths existed in southern CA in 2000, emerging again in 2013 in counties in New England, the Mid-Atlantic, and Great Lakes region and persisting in these counties through 2014. In general, while White populations are impacted the most overall by drug poisoning deaths involving heroin, both Black and Hispanic population groups are estimated to also be significantly impacted in counties where these populations are higher. With respect to urbanization, our study shows a significant decrease in the spatially smoothed rate of deaths per 100,000 by county in large metro areas from 2010 to 2014 and a shift to small metro and non-metro counties. From the perspective of age and gender, our study revealed an increasing trend over time of drug poisoning deaths involving heroin among younger ages (18-24 and 25-34 years), as well as female populations in the northeast and central states of the USA, especially in 2014 based on spatially smoothed rates. This study provides both a spatial and temporal understanding of the evolving pattern of deaths from overdoses involving heroin across the country for this time period. The variation of impacts and burden on different population groups is important for developing strategies and policies regarding substance use and misuse interventions for a range of different urbanization classes (e.g., small metro and nonmetro) and population groups (e.g., Blacks, Hispanics, younger individuals, and females). A better understanding of these dynamics is critical to intervention and reductions in mortality in high-risk counties. Solutions could include planning for nasal naloxone distribution that is considered worldwide as a highly effective antidote for intervening deaths from heroin overdoses [10, 37] . Future work will examine geographic patterns associated with the use and misuse of other opioids including fentanyl in the USA.
